
3 

,i 

VOL. 70. Xo. 5 

Hydromagnetic Whistlers’ 
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Abstract. Hydromagnetic emissions consisting of a series of overlapping wavetrains of 
rising frequency are explained by hydromagnetic waves of anisotropic mode propagating 
along the field-aligned paths in the magnetosphere. The rising frequency of emission is 
attributed to the dispersive nature of the velocity of waves; the repetitive period of wave- 
trains is associated with the transit time of the wave packet bouncing between geomagnetic 
conjugate points along the line of force. It is suggested that an initiating wave is triggered 
by spontaneously injected high energy particles of superluminal motion and that the wave 
is subsequently amplified by plasma beams through the mechanism of cyclotron instabilities. 

Introduction. In  recent years interest in 
micropulsations in the geomagnetic field has 
been increasing, since there may be surface 
manifestations of hydromagnetic waves existing 
in the magnetosphere [Dungey, 1955; Kuto and 
Akasoju, 1956; Obayashi and Jacobs, 1958; 
Sugiura, 19611. Geomagnetic micropulsations 
are small oscillations in the periods ranging 
from 0.1 to  1000 sec appearing either as regu- 
lar oscillations or irregular bursts. In  pari iculai, 
regular micropulsations in the period range 
about 0.2-5 sec, which belong in the category 
Pc 1 defined by the Commission 4 of IAGA, 
are of special interest. In earlier papers, they 
%\-ere often referred to as pearl-type micropulsa- 
tions in which n sequence of discrete wave 
packets appears with regular intervals of a 
few minutes [Beniofi, 1960; Troitskaya, 1961; 
Saito, 19621. The frequency-time displays, sona- 
grams, of such pearl-type micropulsations reveal 
:in interesting structure of emissions consisting 
of a series of overlapping wavetrains of rising 
frequency. This effect was first reported by 
Tepley and Welitworth [1962]. Independent 
observations of the effect were also obtained by 
Gendrin and Stejant [1962] and by Mainstone 
and McNicol [ 19623. 

As is shown in Figure 1, the frequency band 
of emission lies 2roiind 1 cps, and the fine emis- 

1 Presented :it, tlic Syiiiposiuin 011 Ultra Low 
Frequency Electromagnetic Fields, Boulder, Col- 
orado, August 17-20, 1964. 

On leave from Ionosphere Research Labora- 
tory, Kyoto University, Kyoto, Japan. 

sion strricturc inclndes n number of repetitive 
wavetrains of rapidly rising frequency dis- 
playing a fan-shaped structure. Such emissions 
with a clear fine structure are usually found 
during magnetically quiet periods, and this 
structure seems to be destroyed during disturbed 
periods, being accompanied by the more rapidly 
rising tone of irregular structure emission [Tep-  
ley, 1964a, b].  It has been recognized that emis- 
sions of higher center frequency (0 .5 t o  1.5 cps) 
appear in the middle latitudes with shorter 
repetition periods of less than a few minutes, 
whereas the lower frequency ones (0.1 to 0.5 
cps) are found in the auroral zone with their 
repetition periods from 2 to 5 minutes [Heacock 
and Hessler, 1962; Campbell, 19631. A falling 
frequency fine structure is also occasionally ob- 
served. 

Tepley [1961] has pointed out that  those 
micropulsations are likely due to the effect of 
hydromagnetic waves of outer atmospheric ori- 
gin, and he introduced the name ‘hydromagnetic 
(hm) emissions.’ In  the present paper, this de- 
scriptive term is used for the phenomenon. 
However, this should not be confused with sud- 
den bursts of hydromagnetic emissions, a spon- 
taneous ra.pid enhancement of noise emissions 
spreading over the very wide frequency range. 
These bursts are closely related to energet’ic 
particle prccipitations in high latitudes, en- 
hanced ionospheric absorptions, and auroral X- 
ray bursts, and they are likely to be of iono- 
spheric origin [Campbell and Matsushita, 1962 ; 
Ventworth and Tepley, 19621. 

Theories have been proposed that hm emis- 

1069 



1070 TATSUZO OBAYASHI 

x ’# 

L 
* 

P 
I c 

t 

b 

N3fl03Hd 



HYDROMAGNETIC WHISTLERS 1071 
sions are produced by bunches of energetic 
charged particles oscillating along the geomag- 
netic field lines. Wentworth and Tepley [1962] 
postulated a fast electron bunch model in which 
hm emissicnc: RrP attributed to  the diamagnetism 
of an electron bunch, the emission frequency be- 
ing associated with the bounce period of elec- 
trons between the geomagnetic conjugate mirror 
points. They suggested that the rising frequency 
fine structure may be associated with electron 
acceleration, though no explanation is given 
for the repetitive occurrence of emissions. A fast 
proton bunch model has been proposed by 
Gendrin [1963]. The theory is similar to that 
of the fast electron bunch in giving the emission 
frequency as the bounce period of particles. The 
line structure periodicity is associated with the 
longitudinal drift period (orbiting period) of 
proton bunches around the earth. The rising 
frequency is explained by a latitude spread in 
the bunch a t  the time of the particle injection. 
I n  contr‘ast to the above models, Jacobs and 
Watanabe [ 19631 postulated slow proton 
bunches bouncing along the geomagnetic field 
lines. Slow proton bunches excite resonant 
oscillations in the lower magnetosphere. The 
structure periodicity is associated with the pro- 
ton bounce period, while the rising frequency is 
attributed to a latitude variation of the charac- 
teristic resonance frequency in the lower mag- 
netosphere. 

Because of the availability now of more ob- 
servational evidence about hm emissions, it is 
apparent that these models present serious dif- 
ficulties. Among several new facts discovered, the 
following are very important to  the evaluation 
of the theory [ Tepley,  1964a, b ] .  

1. Hydromagnetic emissions occur simultane- 
ously a t  widely spaced areas with the same 
period and regular repetitions, except for the 
signal amplitude, which decreases a t  lower 
latitudes. 

2 .  It is found that there is a 180” phase 
bhift between events which are observcd simul- 
taneously at stations in opposite hemispheres ; 
i.e , the hm emissions are received alternately 
in the northern and southern hemispheres with 
the regular repetitive period. 

3. Occasionally, a harmonic in the fine struc- 
ture repetitive frequency (structure doubling) 
is observed near the equatorial stations. This 
can be interprctcd in tcrmc of a superpo.ition 

of waves from opposite hemispheres, which are 
apparently propagated across the equator. 

4. A diurnal variation seems to exist, which 
strongly supports a daytime maximum at all 
latitudes [Wentworth, 19641. In the auroral 
zone they uci;iii as frccpent!y $5 in one Quarter 
of the days of the year in groups of one to 
four days. 

Of particular interest is the phase reversal in 
the opposite hemispheres. Since the model of 
fast particle bunches postulates that both elec- 
trons and protons oscillate very rapidly between 
conjugate points, the interhemisphere phase 
shift must be negligibly small. Therefore the 
model is not compatible with the observed result. 
In  this respect, the slow proton bunch model 
may be the only one which could survive. How- 
ever, this model predicts that the emission fre- 
quency should increase with geomagnetic lati- 
tude, which seems to be in conflict with the 
observed latitude variation. 

In  the present report an alternative theory is 
suggested : the sequence of emission structure 
is interpreted in terms of wave dispersion in the 
propagation of a hydromagnetic wave packet 
guided along the geomagnetic field line. Jacobs 
and Watanabe [1964] have also attempted to 
develop this line of thought. In  this interpreta- 
tion, hm emissions are produced in a manner 
similar to atmospheric whistler trains, and i t  
may be appropriate to call them ‘hydromagnetic 
whistlers.’ 

A theory of hydromagnetic whistlers is here 
developed, and some discussion is given on the 
production mechanism of emissions due to the 
interaction between particles and waves in the 
magnetosphere . 

Hydromagnetic wave propagation in the mag- 
netosphere. In an ionized plasma embedded in 
a magnetic field, three kinds of hydromagnetic 
waves exist in the range below the ion gyrofre- 
quency: a pure Alfvkn wave m d  two modes of 
magnetosonic waves. For the gas in which the 
magnetic energy density is much greater than 
the kinetic energy density of an ambient plasma, 
only two modes, the pure Alfvkn wave and 
modified Alfvkn ivavc, are important. The phase 
velocities of two waves propagating parallel to 
the magnetic field B are given, approximately, 
by 
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where V ,  = B/(4mM)'", the Alfv6n velocity, 
o = the wave angular-frequency, n,/2i~ = the 
ion gyrofrequency, and the plus and minus signs 
stand for the fast-wave mode (modified Alfvh  
wave) and the slow-wave mode (pure Alfv6n 
wave), respectively. The fast \mve is propagated 
:it higher velocities and higher frequencies, and 
this is the wave in which atmospheric whistlcrs 
are propagated in the VLF range. The fast W:IW 

has right-handed polarizat,ion and an upper fre- 
quency end a t  the electron gyrofrequency. For 
the slow wave, the velocity dccreases as the 
frequency increases. This wave has left-handed 
polarization, and it becomes evanescent beyond 
the ion gyrofrequency. The phase velocity pro- 
file of waves in the entire frequency rangc 
is shown in Figure 2 ,  which is typical in the 
magnetosphere. It has been shown that in the 
hydromagnetic wave range (w' << Q , Q , )  thr 
slow wave is highly anisotropic, i t . ,  the wavc 
energy tends to be confined to a narrow cone 
along the magnetic ficld line, whereas the fast 
wave is more or less isotropic, being spread out 
in all directions [Jacobs and W'ntanabe, 19641. 

Therefore a hydromagnetic waw of the an- 
isotropic mode (the slow wave) excited in the 
magnetosphere will be guidcd along the geo- 
magnetic ficld line (the fast wave is guidcd to a 
lesser extent until i t  reaches thc frequency 
range t,? >> O&). Since the wave v-elnrity shows 

a dispersive nature with frequency, the waves 
traversing the geomagnetic line of force between 
conjugate points will be observed as a time 
sequence of changing tones. Somewhat schematic 
frequency versus transit-time curves for wave 
packets traveling along the field line originating 
a t  the geo~iingnetic I:ltitutlc 60" are illustrated 
in Figure 3. -4 familiar whistler curve appears in 
the VLF range, and two extremely delayed 
waves are shown in thc hydromagnetic range. 
(The nature of tlic transition from the whistler 
to hydromagnetic regions shown in this diagram 
holds only for a plasma consisting of protons 
and electrons. The existence of other ionic 
constituents will introduce a considerable com- 
plication, giving rise to some cutoffs a t  the lower 
end of whistler waves [Smith and Brice, private 
communication, 19641 ) 

A rigorous computation of the frequency- 
time curves of hydromagnetic whistlers has been 
carried out 3s follows: The transit time (doublc- 
hop propagation time) :dong the geomngnetir 
field line is defined by 

, 

The group velocity V ,  is 

I IO' lo2 lo3 lo4 lo5 
F r e q u e n c y  ( C I S )  

Fig. 2. I'hasc velocity profile of two magnctoionic waves; no/% is the plasma frrqucncy, %/h 
thr rlrctron gyrofrcclucnrp, and % / 2 r  thc proton gyrofrcqucnc-y. 

L 
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Fig. 3. A schematic pattcrn of the transit timc, 
of waves traveling along the  geomagnetic field 
line ( q 0  I 60") 

The equation of a field line origiiiating from tliv 
magnetic latitude (p. at = u is 

Tlie dipolar representation of tlic gcoiii:igiietic 
fidd ir; wed : 

13 = &,dl + 3sin'p(rr/r)3 
- ~ -  __ _-_ 

B,, = 0.31 gauss 

Tlie protoii denbity distribution in the mag- 
netosphere is nbsiiined to obey the inrer>e-cubc 
law [Smith, 19611 : 

71 7L,3(U/T)3 ( 6) 
aiid the value 71, = l0'//cm3 is tentatively 
adopted. 

Then ( 2 )  i h  written as 

4aL5/'  

T = ---- 
&I' d 4 r n I ,  A4 

period ( W  = 0) and the cutoff freqiicncy ( ~ ~ , t % l  
:ire showi in Figure 6. 

These theoretical rcsiilt s :ire roiiipnrecl with 
the observed frrqiicncy-t iinc (iis1)I:tj-s of !:m 
cmiesione. Since the observed repetition period 
and the emission frequcmy are of 1 to  5 niiiiritc+ 
and of 0.2 to 5.0 cps, rcspcctirely, the hydro- 
magnetic whistlers inlist, originate somedicrc 
between geomagnetic field lines 'p. = GO" and 
65", provided that the prcacnt, protoii-dcnsit>. 
distribution inferred from whistler d:ita is an 
appropriate reprcsentntion of the magneto- 
sphere. =Ilthoiigh most, of the :iv:iilable data 
were oliserved at lower latitiides tliaii those of 
the cxetiniated eoiirce, thew is considcrable evi- 
dence that the 11111 ciiiissions coiiltl p ropgate  
very long t1ist:iiiccs :icros:8 tlir ionosplicre or free 
spacc below [Teplc!/, 1964tr, b ]  . >[:my iinportant 
c1iar:tcteristics of hm ciuissioiis dcscri1)ed earlier 
:ire :ill coiisidcnt8 with the resiilt predicted by 
the present, theory. It ni:iy lie 1)os,sil)le that  1ini 
emissions of :I series of f;illing toiics could 1~ 
intcrpretcd iii terms of 1iydroni:igiictic wa\-es 
of isotropic iiiodc (the fast I T ~ W ) ,  being giiidctl 
:ilong the path of field-:tligncd ionization ducts. 
Hoivever, ohservational evidence is not sufficient 
to prove this possibility. 

Origin of hydro?nagnetic whistlr'rs. It 113s 
been demoristrated tlint 11)-dromagnctic wave 
packets echoing between conjugate points along 
the geomagnetic field line can produce the ob- 
served frequency-time pattern of hm emissions. 
Tlie problem remains, liowcver, of exploring tlic 
niech:inism of w:ive genc~ratioii. 
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Pig. 5 .  Theoretical frequcnry-timr displays of hydromagnctic whistlrrs for tlrc paths L zz 

4.0 and 5.6. 

Tlicrc are at least two ways of generating 
hydromagnetic waves in the magnetosphere. 
The one is dynamical fluid motions at some 
houndary thnt arc induced by a sudden intrusion 
of solar plnsni:~ cloitds or by rapid wagging 
movcriicnts of tlic ningnetosphcric cavitj- sur- 
face. Conscqucntly, rcsonant oscillations \voril(l 
he csciicd on tlic geomngnctic field lincs. Thcir 

Geomagnetic Latitude 
1000 1 1 1 1 8  I I 100 

30 50 60 65 70 

0 2 4  6 e IO 

L Values 

Fig. 6.  1 ~ 1  itrrclc vari:tlions of the miniiriuiu 
trnnsit pcriod ( w  = 0 )  and of thc niiniinum proton 
gyrofrcqiicncy for respective geomagnetic field 
lines; f. is the gconingnctic dipolc field and fc '  

t IIC ggrofrct p i i c y  at the ctluntor for the geo- 
iiiiLpn(7tic field comprcs.scrl within n spherical 
c:tvit), of 10 cnrtli radii. 
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period is cstimnted to he of thc order of a few 
ininutcs or more, and they have been identified 
as some of the long period micropulsations ob- 
served in thc aiiroral zone [Siqircm and W i k O l L ,  

19G4l. Howercr, it  is rather uiilikcly that this 
mechanism cnn provide the generation of very 
short pcriod Iiydromngnetic oscillations becausc 
of tho overivhehning incrtia of tlic plasma mo- 
t ions involvcd. On the othcr hand, energetic 
pnrt,iclc beams may hc cnpable of producing a 
variety of hydromagnetic emissions or of am- 
~ilifying the waves through their unique interac- 
t ion 1)rocwscs. 

~ l a g r z e t o b r e ~ ~ ~ s s t r a ~ i l i r n g .  An accelerated 
charged part,icle moving in a magnetic field 
produces an emission whose radiation can match 
the wave mode in a plasma. I n  the gcnerd case 
in which a charge moves along the static mag- 
netic fieltl with n helical path, whose angnlar- 
gyrofrcquency 0 (electron n,, ion Q , )  and it:: 
guiding ccntcr has a longitudinal velocity u = ti 
cos a and a transversal gyrating velocity zu = 1' 

sin a, and for which the ware vrctor k makes 
an anglc 0 with the direction of the magnetic 
ficld, the radintcd angular wave frequencies arc 

, 

dctcrmincd from the conditions d' 

w = sn + klL cos e s = 0, + I ,  f 2  ... (8) 
For the ccwe s = 0, tlic relation is known as 

thc. Cerenkov condition, i.e. 

./ v = i/cos e (9) 
wherc V = o/k is the phase velocity of the 
wave. Cerenkov radiation is emitted in the for- 
ward direction with respect to the guiding center 
inntion of the particle. 

For the casc s # 0, the radiation is due to the 
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cyclotron harmonics sa, and, in particular, when 
the particular speed exceeds the wave phase 
velocity, u cos B > V ,  the anomalous cyclotron 
radiation arises, the one Ginzburg [1959] called 
'superluminal particle radiation.' The frequency 
of an anomalously Doppiei-sl~iftei! cye!otmn 
radiation (s < 0), in the direction along the 
magnetic field, is obtained by the specified value 
of u/V.,, using the well-known dispersion rela- 
tion in the anisotropic plasma [Ginzburg, 19611 : 

where the upper sign denotes the fast wave and 
the lower sign the slow xvaw. For the relativistic 
particle speed, /3 = ( v / c )  z 1, the angular- 
gyrofrcqucncy Q(1 - p2)'/' should be used. The 
excitation condition for the oblique waves a t  
frpquencirs w << a, is given by 

for the hydromagnetic slow wave propagating 
a t  any angle to the field except 0 = 0, where 
the radiation vanishes. For the hydromagnetic 
fast wave 

The radiation is emitted entirely into the for- 
ward hemisphere with respect to  the direction 
of the moving particle, though the major part 
of the energy is radiated a t  an appreciably large 
nngle from the field direction [Liemohn, 19643. 

The normal Doppler-shifted cyclotron radia- 
tion (s > 0) is given by 

1 /2 

2- V.4 = ( 1  - Is[ :){(I f ;)(I 3= ;)} 
( 1  3) 

and the radiation is emitted in both forward and 
backward directions : however, the backward 
radiation only propagates in the frequency range 
0 5 0'. 

W a v e  and particle-beam interactions. The 
interaction between waves aid particlcs moving 
through the plasma provides an important 
mechanism of energy transfer through their 
resonances and beam instabilities. Generally, 
there are two resonant conditions for the inter- 
action between waves and plasma beams; the 

Doppler-shifted wave frequency seen by par- 
ticles is either zero frequency or the particle 
gyrofrequency. Thc former requires that  the 
beam velocity match the wave phase velocity in 
the direction of particle motion, which is es- 
scntiallv the Cerenkov condition given in the 
(9) .  This type of interaction is knowii as thc 
longitudinal instability produced by the beam, 
viz., the coupling between the beam and longi- 
tudinal electrostatic plasma waves. However, 
there is no immediate coupling between the 
heam and transversal electromagnetic waves, 
though the plasma wave itself may be a growing 
mode [Kimura, 19611. 

In  the magnetoactive plasma the cyclotron 
resonance, which includes the effect of Doppler- 
shifted waves discussed earlier, is important. 
The plasma beam of a superluminal motion i.j 
capable of exciting waves whose amplitude in- 
creases rapidly. The excited wave propagates in 
the same direction as the beam, and its wave 
frequency is found by the resonance condition 
of the anomalous Doppler effect given in (IO), 
(11), and (12). Kimura [I9611 and Neufeld 
and Wright [1963] have shown that  a large 
amplification of the transversal waves is pos- 
sible through this mechanism by expending the 
energy of longitudinal motion of the plasma 
beam (the beam velocity in the direction of 
wave propagation), the coupling being pro- 
vided by an ion beam for the fast wave and an 
electron heam for the slow wazx. Under such 
conditionb the plasma beam loses its stability, 
and particles generally become bunched and a 
coherent radiation is produced. 

Another possibility of the growing wave inter- 
action has been suggested by Bell and Buneman 
[I9641 and Watanabe (private communication, 
1964). A plasma beam traveling at appropriate 
velocity in the opposite direction t o  the wave 
propagation encounters the Doppler-shifted 
wave whose rotating field matches the particle 
gyrofrequency in the same sense: the fast wave 
for electrons and the slow wave for ions This 
encounter resuits in the amplification of the 
wave, provided that particles in the beam in- 
itially have enough transversal gyration velocities 
so as  to transfer their energy t o  rlie m v c .  The 
frequency for the excitation condition is the 
same as that for the normal Doppler effect given 
in (13), and an initial root-mean-square trans- 
versal particlc velocity (w')''~ should be laiger 



than the cyclotron velocity IQ/lil in order t,hat 
the growth of the wave exceed that of longi- 
tudinal plasma waves. It has also been shown 
that  in this mechanism the magnetic field of 
the wave acts to shift the phase of particles so 
that  their cyclotron radiation adds in phase in 
the backward direction [Brice, 1063]. 

For thermd pnrticles of rclntively low tem- 
l)cratrirc, however, t,he resonance encounter usu- 
ally results iii :L gain of the particlc energy 
I ransfcrrd I'roni t Iic w;i.vc. Conscqiicwtly, the 
w : p ~  losw its ciirrgy, :ind this is known as tlic 
inec1i:inism of t lie cyclotron damping or the 
L:ind:iii (1:iiiipiiig for traiisverse waves [Scarf, 
l ! E a ,  b j .  The wave propagating in the mag- 
iiet,osl)h(src is atteiiwted by this mechanism cven 
iiiidcr i lie collisioiiless conditioii. For the hydro- 
magnet ir m v e  the damping effect becomes ap- 
precialile wlicn the tlicrnial velocity of protons 

l~c~comcs conip:ir:ihlc to ( ( 2 ,  - ~ ) / k ,  i.e., 

sutcl.c~c, ~t!ItEr.oltt((nltctic. t c m i e r s .  nr 
mcc1i:~ni.w whirl1 is r c h w i t  to t Iic gcncrat,ion 
of 1iytlroni:igiic~t ir whist lors iii:iy be a certxin 
coml)iii:it ion of tlic' p r o w w s  described abov(b. 
An iiiiti:itiiig \v:iv(~ niay I x  produced Iiy :L 
spoiit:inroiis :ippc:ir:iiiw of siiperluniinal pnr- 
tichs in the rcsgioii w : i r  tlic top of a gconi:ignc~tic 
field line, where tlie pliasc velocity of a w:ive is 
minimum. 011 the geomagnetic ficld line of q, = 
05", the Alfvfn velocity at the flirthest point is 
nhont 500 kni/scc according to the model used. 
The observed 1ini emissioii band in the auroral 
zone livs in the range h twcen 0.1 and 0.5 c p ,  
which corresponds to *)/ac = 0.05 - 0.20. The 
spcctl of protons required to generate such an 
emissioii will be 3000 IV 10,OOO km/scc, or about) 
50 - 500 kcv, wlicreas the energy rcqiiired for 
electrons is 10 Mev or more, which ma)- not bc 
iinreason:ible energy ranges as a sudden flash of 
particlrs could temporarily he trnppcd in the 
iiinjinet,oPlilicrc. 

It, n ~ : ~ y  bc argued that such a siiperluniiii:tl 
c.yrlot roll radi:i.t,ion alone is sufficient, to  ac- 
mint ,  for the olwcrvcd emissions. The r:di:ttcd 
power density of ryrlot,ron emission from inro- 
ticrent ])art i rks  is given a.pprosini:itrly by 

The densities of 100-kev protons and of rela- 
tivistic electrons being captured in the mag- 
netosphere are N ,  = 10-Z/cma and N .  < lo-'/ 
cm', respectively [O'Brien, 19643. These yield 
the values which are certainly ninny orders of 
magnitude less than that, of tho  observed hm 
emissions. It, niust be emphasized also that the 
siiperluminal particles alone cannot possibly 
produce a regular emission structure which has 
dmost tho s:imc: periodicity o i w  m:uiy repeti- 
t ive cycles. 

This, :L triggcrcd w:tve pocket, placed on the 
ficld line, must subsequently be amplified by 
any of the interaction mechanisms mentioned 
previously. It, is necessary to  have a stal)lc 
roupling betwccw tho wave packet and tlw 
1)iinched plasma beam. Howver,  since tlic 
kinetic energy of  plasm:^ beams is estimated to 
he much in excess of that  required to  account, 
Tor the emissions, the wave need only set, up tliv 
appropriate condition for an cfficiciit conversion 
of particle kinetic energy t,o wave energy. i\ 

proton beam would be the source for a growing 
hydromagnetic wave (slow niodtb) : the particles 
in the beam muat  h v c  their traiiswrsal kinct i v  
cwcrgy of aboiit 100 kcv and the 1ongitudin:il 
h i n i  velocity must, h r  5000 - 10,000 km/ser. 
This bemi vclorit,y ~voiild be simil:ir to tha t  of 
(ob + R,)/k e 17 for w >> R,, i.e. nc:tr the phasv 
velocity of VLF whistler w ; i v ( ~  (fast mode), 
m t l  the Imm may also hc able to oxcite tIic 
YLF emissions simultaiicoiisly. Typical valwv 
of the gron-ing tiiiic (e-hold amplitude) of cx- 
(sited waves :ire cstimatcd to I)c of the order of :I 

serond (VLF wavc) or less (Iim w i ~ e ) ,  which 
m:ty be sufficient, to :recount, for the oliscrvcd 
growth rates of emissions. Thcrcfore, it is sug- 
gested that so-called VLF piils:itions arc gcn- 
crated by the interaction bctwcen hydromngnetic 
whist,lers and t8he high-spcrd proton h i m .  

A44ccording to the prcscnt theory, the frc- 
qucncy range of a wave inay be limited by the 
av:iilnble energy range of particles in the hcani 
in the exritat,ion mechanism. The deficiency of 
energetic protons of n. siifiriciit flux above tho 
100-krv rmgc rniises the riitoff of waves below 
i d w ,  = 0.1. If the pnrticlcs in the bcnm sprc:id 
in :I. certain energy band, thc net emiwion c:in 
ncciir only if their velocity distrihution is siich 
that, there are more pn.rt,icles in t,he heam at 
higher velocitics tliaii at lower velocities at a 
given range; i.c., the distribution must have a 

e ' 

1 

4 
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positive derivative that is highly nonthermal. 
This implies a possibility of having the emis- 
sions of very narrow band structures due to the 
complex veiocity c i i a i ~ i b u t i ~ ~  of particles in the 
beam. However, for an over-all cutoff a t  the 
high frequency limit, it is tempting to  attribute 
the cutoff to the absorption effect of waves duc 
to the cyclotron resonance of thermal protons. 
According to tlie computation made by Scarf 
[1962], a significant sharp cutoff occurs a t  thc 
frequency W / 6 ) c  e 0.6 for temperatures of the 
order of 10: "K. This result suggests that the 
observed upper cutoff may well be explained by 
the present mechanism. 

Discussions. Hydromagnetic emissions con- 
sisting of a series of over-lapping wavetrains of 
rising frequency are interpreted by hydromag- 
netic wave packets of anisotropic mode (-4lfv6n 
slow ~ r a v c )  propagiting along the geomagnetic 
field lines. The rising frequency of emissions is 
:ittributcd to  the dispersive nature of the veloc- 
ity of waves, and the repetitive period of thc 
emission structure is associated with the transit 
time of tlie wave packct along the field-aligned 
path. 

It has been shown that the structural cliarac- 
teristics of hm emissions are such that they 
originate mainly from thc geomagnetic field lines 
whose L values range from 4 to 6, provided 
that a reasonable model of the magnetosplicric 
particle density distribution has been used. 
Therefore, hm emissions received at the middle 
nnd low latitudes must be those that originated 
a t  high latitudes but propagated in or below the 
ionosphere. There is a possibility that  a good 
ducting condition exists for hydromagnetic wave 
propagation in the ionosphere (100 N 1000 km), 
where the altitude profile of hydromagnetic 
wave velocity shows a steep trough. The ob- 
served evidence strongly supports the con- 
cept that  hm emissions could propagate a con- 
biderable distmcc from high latitudes to the 
cquator [ Tepley,  1964a, b ] .  

A gencr:Ltion mechanism of hydromagnetic 
whistlers lias Lccn proposed. A hydromagnetic 
wart packet may be triggered by a flash of 
high encrgy lmticlcs. The emission process in- 
voked is anomalous cyclotron radiation [Ginz- 
burg, 19611. A spontaneous appearance of such 
high energy particles may be excepted at  high 
latitudes, tliuugh the mcchnnism of rapid :IC- 

cderatioli of particles lins not, lieen irdl iindrr- 

a 

i ' 

r 

9 

'!& 

stood. However, it is emphasized that the trig- 
gered radiation alonc cannot be sufficient to 
account for the observed emissions. 

Thus the triggered wave packet must, sub- 
sequentiy, be ~iiipbf',~:! !-5y roupling with n 
plasma beam through the mechanism of cyclo- 
tron instabilities. As ai1 encrgy soiirce for thc 
amplification, a proton beam whosc streaming 
velocity is 5000 z 10,000 km/sec lias been 
postulated. However, this may not exclude any 
other mechanism discussed here. Since these 
processes involve some nonlinear interactions, a 
further theoretical study is highly desirable. 

The bandwidth of the hm emissions is related 
to the emission process LS well as tlie propagation 
effect. The upper cutoff would be produced by 
the cyclotron resonance because of thermal 
protons (transverse Landau damping), while 
the lower cutoff is attributed to the upper limit 
of the speed of particles available in thc beam 
with a sufficient flus. Some nxrrow band 
structures of emissions are suggcstivc of tlie es- 
istencc of a complicated velocity distribution of 
particles in thc plasma beam. 
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